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Dynamic testing provides valuable insight into the behavior of materials undergoing fast
deformation. During Split-Hopkinson Pressure Bar testing, stress waves are measured using
strain gauges as voltage variations that are usually very small. Therefore, an amplifier is required
to amplify the data and analyze it. One of the few available amplifiers designed for this purpose
is provided by Vishay Micro-Measurements which limits the user’s options when it comes to
research or industry. Among the challenges of implementing the Hopkinson technology in the
industry are the size and cost of the amplifier. In this work, we propose a novel design of a signal
conditioning amplifier that provides the following functionalities: voltage excitation for strain
gauges, wide gain range (1-1000), signal balancing, shunting, and filtering. The main objective is
to make a smaller and cheaper amplifier that provides equivalent or better performance allowing
larger application of the Hopkinson technology in the industry.
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CHAPTER I
INTRODUCTION
1.1

Overview of mechanical testing
The two main aspects to consider in the mechanical design of any part are the geometry

and the materials involved in that part. Furthermore, the objective of any mechanical design is to
determine the maximum loads that a part can withstand before reaching plastic deformation or
failure and thus the geometry and the materials of the part are chosen accordingly.
To understand the behavior of materials and make more optimal designs, engineers rely
on theoretical models based on the data obtained from mechanical testing of materials under
different conditions. Two of the major properties that are measured during mechanical tests are
stress and strain. Stress is the internal forces or pressure experienced by the material due to
external forces. Strain represents a measure of deformation due to the stress applied. The stress
and strain data collected from a mechanical test can then be plotted against each other in what is
known as stress-strain curves.
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Figure 1.1

Typical stress-strain curves of ductile materials.

Note: Yield point marks the limit of the material’s linear and elastic response to stress and strain
jingle.
Figure 1.1 is an illustration of the typical shape of stress-strain curves obtained by
loading a specimen of a ductile material. Notice that there is a linear relationship between stress
and strain before the yield strength and we call this part of the curve the elastic region. This
region is characterized by the fact that the material can return to its original form if the stress is
released. Once the stress exceeds that of the yield strength, we transition into the plastic region
which is characterized by non-linearity and permanent plastic deformation of the material.
These curves provide very important data that we use to determine the geometry and
materials of a mechanical design. Therefore, it is necessary to obtain accurate data from
mechanical tests. On the other hand, it was discovered through experimentation that material
response is strain rate dependent; that is varying the strain rate of mechanical tests of the same
material leads to variations in stress-strain curves.
2

Figure 1.2

Stress-strain curves of 3003 aluminum alloy at different strain rates.

Note: The data was obtained at a temperature of 300 K [1].
We can notice from Figure 1.2 that the yield strength of the same material can vary
depending on the strain rate of the mechanical test. When deformed at a higher strain rate,
materials exhibit different behavior than when deformed slowly. Consequently, the data obtained
from a low strain rate experiment might not provide reliable data for applications that involve
high-speed impact which causes materials to undergo fast deformation. Examples of such cases
include car crashes, sports impacts, earthquakes, explosions, and in case of high-speed
machining.
In the following section, we will review static and dynamic testing and the characteristics
of each type.

3

1.2

Static and Dynamic Testing

Figure 1.3

Classification of strain rate regimes based on material behavior, experimental
conditions, and instrumentation used.

Note: Image taken from reference [2].
Figure 1.3 represents a summary of the different types of mechanical testing, defined and
categorized based on their corresponding strain rate. Figure 1.3 also indicates the material
behavior in response to the strain rate imposed as well as the type of instrumentation used in
each type of mechanical testing. We can distinguish between two general types of mechanical
testing based on the material behavior and strain rate regime; static and dynamic testing.
Mechanical testing with strain rates below 1 s-1 is conventionally identified as static testing while
those conducted at higher strain rates are designated as dynamic testing.
4

1.2.1

Static Testing
During static testing, the material undergoes either constant stress while the resultant

strain is recorded or a constant and relatively low strain rate is applied while both resultant
stresses and strains are measured. The former method of testing is known as creep testing while
the latter is referred to as quasi-static testing. As its name indicates, during a quasi-static test the
specimen and the machine are in static equilibrium with very small negligible dynamic effects.
Figure 1.1 is an example of the stress-strain curves measured during a quasi-static test.

Figure 1.4

Universal testing machine schematic for tensile testing.

Note: Image taken from reference [3].
5

Figure 1.4 represents a schematic of the apparatus used for uniaxial quasi-static testing
known as the universal testing machine. The specimen is positioned on the setup between the
wedge grips and an extensometer is used to measure the resultant strain during the test. The
stress can be applied by forcing the crosshead upwards or downwards for compression or tensile
testing respectively. This is essentially achieved through electromechanical systems, hydraulic
systems, or a combination of both.
1.2.2

Dynamic Testing
While materials' behavior and properties in response to static testing are relatively well

understood and documented, dynamic testing is still under investigation to develop more
sophisticated models that can be applied in high strain rate applications.
Conventional mechanical testing instruments such as load frame or servo-hydraulic testing
machines can hardly generate strain rates as high as 10 s-1. Therefore, more appropriate testing
techniques and instruments were developed to reach higher strain rates. Examples of these
methods include drop weight testing, the cam plastometer, Split-Hopkinson Pressure Bar
(SHPB), plate and Taylor impact tests.
SHPB method is considered a high strain rate testing with a strain rate range of 102 to 104
s-1, while plate impact tests and Taylor impact tests are employed to obtain more accurate data at
strain rates larger than 106 s-1.

6

1.3
1.3.1

Split-Hopkinson Pressure Bar
History and Development of the SHPB
In 1872, John Hopkinson [4,5] was conducting dynamic testing experiments as a means

to study and model stress wave propagation through iron wires. The experiments consisted of
fixing one end of the wire while a sudden loading is applied to the other end through an impulse
of moving mass.
About 42 years later, Bertram Hopkinson [6] introduced the Hopkinson Pressure Bar
technique to determine and measure the resultant pressure from a bullet or explosive impact. The
apparatus comprised of a long and short steel rod, a ballistic pendulum, and a pulse pressure
generator. A compression stress wave was generated at one end of the long rod which reflects as
a tension pulse upon reaching the free end where the short steel rod is attached causing the short
rod to fly away, hence the name flying piece. The momentum was then measured using the
ballistic pendulum.
In 1948, Davies [7] developed a new measurement technique that relies on condensers to
determine the strains present in the pressure bar. The use of condensers together with cathoderay oscillograph resulted in better accuracy compared to using the ballistic pendulum to measure
the momentum of the flying piece.
In 1949, Herbert Kolsky [8] used a second pressure bar in place of the flying piece and
placed the specimen between the two pressure bars. He also used the same measuring techniques
with condensers and oscillograph introduced by Davies to determine strains in the pressure bars.
This apparatus is known as the Kolsky Bar or Split-Hopkinson Pressure Bar (SHPB) and it
represents the foundation for the Hopkinson experimental techniques used today.

7

The SHPB was originally used solely for high strain rate compression testing. However,
the SHPB was modified to allow for both tension and torsion high strain rate testing. It is also
worth noting that Hauser et al. were the first to apply strain gauges on the pressure bars as a way
of measuring strain.
1.3.2

Split-Hopkinson Pressure Bar Apparatus
We can distinguish between two categories of modern SHPB methods; collision type and

stored energy type. Figure 1.5 represents a schematic of the collision SHPB apparatus. The
SHPB designed by Kolsky is an example of this type of SHPB where the stress pulse is produced
due to impact. This type of SHPB is most common and can be used for compression and tension
testing by changing the configuration of the impacter accordingly. For the collision SHPB, the
input bar serves as an incident bar for the impact from the striker bar. In contrast, the input bar
serves as an energy-storing bar for stored energy SHPB. Figure 1.6 illustrates the main
components of the stored energy type which is also known as the “clamped Hopkinson bar”. A
clamping system is used to prevent the input bar from slipping while a static load is applied.
Upon the quick release of the clamping system, the energy stored in the bar suddenly propels it
away from the specimen which consequently plastically deforms. This in turn generates tension
stress waves that propagate in both the input and output bar which can be recorded using data
acquisition devices.

8

Figure 1.5

Schematic diagram of the collision SHPB apparatus for both compression and
tensile tests.

Note: image taken from reference [9].

Figure 1.6

Schematic diagram of the stored energy SHPB apparatus.

Note: image taken from reference [9].
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Throughout this work, we will focus on collision SHPB since this was the type we used
to conduct our experiments. It is worth noting that there have been many advancements made to
the classic SHPB experimental technique since Kolsky first developed it. Nevertheless, the
modern SHPB apparatus is still based on the same concepts, and hence it is comprised of the
same five major components:
•

Pressure source: usually this is a combination of a compressor, valves, and a gas
gun (Figure 1.7). This is used to propel the striker bar with high momentum
towards the input bar.

Figure 1.7

The five major components of a SHPB apparatus.

Note: Image taken from reference [10].
•

Input bar: also known as the “incident bar”, is used to transfer the compressive
stress waves generated from the impact with the striker which reaches the
specimen as an impact load. Some of the materials used to make this bar include
steel, titanium, and aluminum.
10

•

Output Bar: also called “transmission bar”, is used to exert inertia forces and
ensure the compressive stress waves are transmitted through the specimen into the
transmission bar. This bar is generally made out of the same materials as the
incident bar.

•

Alignment: Bearings and alignment fixtures are used to ensure that the striker,
incident, and transmission bars are well centered and aligned with the specimen.
This is very important to ensure the realization of 1D wave propagation.

•

Data acquisition: modern SHPB apparatus use strain gauges to measure strain
variation from the experiment as a voltage variation. The output signal from the
strain gauges is usually very small, and thus an amplifier is used to amplify the
signal which can be displayed using an oscilloscope device.

1.4

Motivation
The main challenges that prevent a larger application of the SHPB technology for

research or in the industry are the cost and size of the equipment used. The SHPB apparatus size
usually varies, but in general, the setup is very long mainly due to the incident and transmission
bars to allow stress waves detection. Furthermore, acquiring the whole SHPB setup is very
expensive due to the various components required to ensure accuracy.
Wil Whittington [11] developed a new apparatus “the serpentine bar” to reduce the size
of the original bars. The method consisted of having a series of shorter tubes to replace a single
long bar. The length of an individual tube is based on the length of the original long bar and the
number of tubes used. The advantage of the serpentine bar is that it reduces the space required to
conduct a test and therefore facilitates its application in the industry.
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Most facilities that rely on SHPB techniques to study material behavior under dynamic
conditions use the signal conditioning amplifier provided by Micro-Measurement, a Vishay
Precision Group brand, to amplify the strain gauges signal. The latest version of this amplifier is
the Vishay 2300 series (Figure 1.8). These amplifiers are designed specifically to be used with
strain gauges for SHPB experimental testing and offer all the necessary features such as gain
selection, signal balancing, shunting, and filtering. However, the instrument is considerably
expensive ($2000 - $3000) and takes up significant space as shown in figure 1.8.

Figure 1.8

Picture of the Vishay 2310 signal conditioning amplifier.

Note: Image taken from reference [12].
From the previous considerations, it is clear that there is a need for a new signal
conditioning amplifier that is both cheap and small. The realization of an amplifier with a small
size will facilitate the application of the SHPB technology in the industry while a cheaper cost
will reduce the overall expenses of the SHPB setup.
12

SIGNAL CONDITIONING AMPLIFIER
2.1

Wheatstone Bridge
As their name suggests, strain gauges are electrical devices used for strain determination.

When the host structure undergoes deformation, the attached strain gauge also deforms with the
material resulting in variation of the strain gauge resistance. This variation is measured as a
change in voltage, which can then be converted into strain. The gauge factor k, also known as the
“strain coefficient of resistance”, is a characteristic of the strain gauge which relates the strain to
the change of resistance as follows:
𝛥𝑅
𝛥𝐿
=𝑘
=𝑘𝜀
𝑅
𝐿

(2.1)

where ΔR/R denotes the change in resistance and ε denotes the strain.
The gauge factor value is measured experimentally and is usually indicated on the strain
gauge datasheet and packaging. Figure 2.1 includes some examples of the types of strain gauges.

1

Figure 2.1

The different types of strain gauges.

Note: (a) typical foil strain gauge, (b) Four shear strain gauges for torque measurement, and (c)
Pressure rosette [13].
The circuit configuration of strain gauges used in SHPB testing is based on the work of
Charles Wheatstone. In 1843, Wheatstone built a bridge circuit that can be used to measure
electrical resistances using four resistors with known resistances as shown in Figure 2.2.

Figure 2.2

Note: Schematic diagram of the Wheatstone bridge.

Note: UE denotes the excitation and UA denotes the signal [13].
2

When a constant voltage UE is applied across the nodes D and B, a small output voltage
UA can be detected across A and C which is the signal voltage. The relationship between the
supply voltage and the signal voltage is given by:
𝑈𝐴
𝑅2
𝑅3
=
−
𝑈𝐸 𝑅1 + 𝑅2 𝑅3 + 𝑅4

(2.2)

where R1, R2, R3, and R4 are as indicated in Figure 2.2.
In general, R1 and R3 measure the strain in the same direction, while R2 and R4 measure
the strain in the perpendicular direction to R1 and R3 which is why it is preferable to have R1 =
R3 and R2 = R4. In the case of this wok, the strain gauges are chosen such that they have the same
resistance of 120 Ω. Assuming R1 = R2 = R3 = R4 = R, it is clear that when the bridge is in a
balanced condition, UA is equal to 0 V. When the strain gauges deform, the resistances vary in
proportion to the strain they undergo. For example, if the strain is in the direction of R1 and R3,
then the new resistances have the form R + ΔR, where ΔR is the change in the resistance due to
strain. Therefore, Equation 2.2 becomes:
𝑈𝐴
𝑅
𝑅 + 𝛥𝑅
=
−
𝑈𝐸 𝑅 + 𝛥𝑅 + 𝑅 𝑅 + 𝛥𝑅 + 𝑅
𝛥𝑅 = −

2𝑅
𝑈
1+ 𝐸
𝑈𝐴

(2.3)

(2.4)

Using ΔR = k ε R, we obtain:
𝜀=−

2
𝑘 (1 +

𝑈𝐸
)
𝑈𝐴

(2.5)

and therefore since k and UE are constants, the strain can be directly computed from the data
recorded from the Wheatstone bridge signal output.

3

Figure 2.3

Schematic diagram of the four configurations of the Wheatstone bridge.

Note: Image taken from reference [14].
As demonstrated in Figure 2.3, There are three principal ways to apply the Wheatstone
bridge depending on how many active gauges the bridge employs. Active gauges are gauges that
are attached externally to the host structure under loading, while the gauges/resistors used to
complete the Wheatstone bridge circuit are called “dummy” gauges/resistors and they are
attached to an unloaded structure. If there is only one active gauge in the bridge, then this is
called a “quarter bridge” since only one out of four gauges are employed, while the bridge is
completed using dummy gauges and resistors. Similarly, a “half bridge” is comprised of two
4

active gauges and two completion gauges. In the case of the “full bridge” configuration, all
gauges of the bridge are attached externally to the host structure.
2.2

Operational Amplifier
The amplifier to be used for amplifying the strain gauges signal from SHPB testing

should satisfy the following conditions:
•

Low noise: the gain usually used in SHPB testing can vary from a hundred up to
several thousand. The signal provided to the amplifier as input is generally mixed
with a certain amount of noise which is also amplified with the data signal.
Therefore, the noise generated by the amplifier must be at least in the same order
as that of the noise of the input, if not lower, to ensure a clean signal at the output.

•

High speed: the stress and strain pulses generated during SHPB have frequencies
that can reach 50 kHz or higher. In order to record accurate data with high
resolution, a high-speed instrumentation amplifier must be used for these tests.

•

Low cost: It is preferable to have a low-cost opamp so that there is room for the
remaining components in our budget.

For these reasons, the AD8421 opamp was chosen for this design. Figure 2.4 shows the
pin configuration of this opamp.

5

Figure 2.4

Pin configurations of the AD8421 opamp.

Note: Image taken from reference [15].
Another advantage of the AD8421 opamp is that it has a high cutoff frequency. This is
the maximum frequency before attenuation effects occur in the response of a system. For the
case of the amplifier, it is related to the gain of the output signal where it starts falling below the
selected gain. This means that the amplifier output will have a lower resolution at frequencies
higher than the cutoff frequency. The cutoff frequency is conventionally identified as the
frequency corresponding to -3 dB decrease in the output voltage. The range of operation of the
Vishay amplifier is ideal for frequencies below 25 kHz where the output voltage decreases to
only -0.5 dB while its cutoff frequency is around 65 kHz [12].
Figure 2.5 represents a Gain vs Frequency graph for the AD8421. Notice that the opamp
keeps a constant gain for gains in the range of 1-100 up to about 1 MHz while the cutoff
frequency for a 1000 gain is about 100 kHz. The Ad8421 has high cutoff frequencies compared
to the Vishay amplifier, which means this opamp can record data at a higher resolution for
frequencies above that of the Vishay amplifier resulting in more detailed signal curves.

6

Figure 2.5

Gain vs. frequency graph of the AD8421 opamp.

Note: Image taken from reference [15].

Figure 2.6

AD8421 opamp circuit schematic [15].
7

2.3

Gain
The gain G of the AD8421 opamp depends on the resistance across the Gain Setting

Terminals labeled RG in Figure 2.4. The relationship between the resistance RG and the gain G is
given by the following equation:
𝑅𝐺 =

Figure 2.7

9.9𝑘𝛺
𝐺−1

(2.6)

Gain vs. gain resistor table using 1% resistors.

Note: Image taken from reference [15].
Figure 2.7 represents an experimental validation of Equation 2.6 conducted by the
supplier. In the Shunt Calibration section, we discuss how the gain can be calibrated without
the need for high accuracy of the values in the table above. Nevertheless, a set of experiments
were conducted to verify these values and the results matched the ones displayed in the table. It
is also worth noting that a Gain of 1 (G = 1) can be achieved by leaving the RG terminals open.
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2.4

Signal Balancing
As mentioned in the Wheatstone Bridge section, the gauges that were used in the

Wheatstone bridge had equal resistances of 120 Ω and it was demonstrated theoretically that the
measured strain should equal zero if the host structure is not loaded or strained. However,
depending on how the strain gauges were mounted and other factors such as temperature
variations, there will always be a small imbalance in the bridge even before straining. Despite the
resultant vertical shift of the output signal, it is still possible to compute the absolute strain from
the difference between final and initial values. However, it is preferable to balance the signal to
zero for clear signal display and easy data reading.

Figure 2.8

Circuit schematic signal balancing.
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Figure 2.8 is a schematic of the circuit used for balancing. The REF pin on the AD8421
opamp is the Reference Voltage Terminal which can be used to level shift the output to zero by
supplying an offset voltage. A voltage divider, comprised of a 24 V supply source, a 150 kΩ
resistor, and two potentiometers, was used to control the input voltage supplied to the OP1177.
The latter is a unity gain opamp (G = 1) and its output is connected to the REF. Its role is to
prevent supplying high voltages from the voltage divider to the REF terminal. As discussed in
the next section, the AD8421 opamp responsible for balancing has a gain of 10. Taking that into
account together with the fact that most offset voltages from strain gauges are usually below 1 V
after amplification of 10, the first potentiometer was chosen with a resistance of 10 kΩ and
serves as a coarse adjustment knob which allows a range of 0 to 1.5 V (at G = 10) for the offset
voltage while the second one represents a fine adjustment knob (FAK). The latter allows for
3600° rotation to obtain much slower and more control for small adjustments, and its resistance
was chosen to be 100 Ω which gives a range of control of 0 to 15.77 mV (at G = 10).
The resistance of the FAK can be changed depending on the range of control desired
using the following equation:
𝑅𝐹𝐴𝐾 = 150000 ∙

𝑉𝐹𝐴𝐾
(24 − 𝑉𝑂𝐹𝐹 ) ⋅ (1 −

𝑉𝐹𝐴𝐾 − 𝑉𝑂𝐹𝐹
)
24

(2.7)

where RFAK denotes the resistance of the FAK in Ohms, VFAK the voltage range the FAK can
supply, and VOFF the offset voltage. Equation 2.7 is considered at G =10 but holds for any gain
value.
2.5

Shunt Calibration
Shunt calibration is an important technique used to periodically check and adjust total

system gain to ensure the accuracy of data. In principle, shunt calibration consists of recording
10

the response of the strain gauges to a known mechanical load applied to the host structure and
using it as a reference for calibration. When conducting a calibration check, the host structure
needs to be loaded under the same conditions and the resultant response is compared with the
recorded one to determine if the system requires any adjustments.

Figure 2.9

Schematic diagram for compression and tension shunt calibration using a shunt
resistor.

Note: P denotes the excitation and S the signal. A shunt resistor placed across +P and +S
simulates tension and compression between -P and +S.
To avoid loading the host structure for each calibration test, a resistor referred to as the
shunt resistor is placed across one arm of the Wheatstone bridge which causes a change in
resistance simulating compression or tension loading as shown in figure 2.9. The value of the
shunt resistor is chosen such that it simulates a strain equivalent to that resulting from the known
mechanical load. In this manner, a calibration test can be conducted simply by connecting the
shunt resistor to the Wheatstone bridge circuit.
11

Figure 2.10

Circuit schematic for shunt calibration.

Note: The output of the balance AD8421 is connected to the input of the shunt AD8421.
Figure 2.10 is a schematic of the circuit used to adjust the gain during shunt calibration.
The total gain of the amplifier was divided between two AD8421 opamps. The first opamp has a
fixed gain of 10 and was achieved by placing a 1.1 kΩ resistor across its RG terminals. The
second opamp has a variable gain. Two potentiometers were connected in series to its RG
terminals. The first one serves as a coarse control over the gain and has a resistance of 10 kΩ to
enable large gain adjustments quickly. The purpose of the second potentiometer is to provide
fine control over the gain of the opamp and has a resistance of 100 Ω. Furthermore, it has a total
rotation of 3600° which allows making small changes to the gain.
Two AD8421 opamps were used in this circuit because of balancing purposes. In the
previous section, we discussed how we can balance the strain gauges signal to zero. However, in
the case that gain adjustments are required during shunt calibration, a change in gain will affect
both the balance and the shunt of the output, which makes it very difficult to adjust for both with
12

only one amplifier. Therefore, the first opamp was used to balance the signal while the function
of the second one is to apply the necessary gain adjustments for shunt calibration.
As mentioned before, the value of the shunt resistor is determined using a known and
recorded mechanical load. However, for our instrument we have used the Vishay amplifier as a
reference to calibrate our instrument using the following procedure:
•

Using shunt on the Vishay amplifier, the gain was adjusted such that the signal
was at 2 V. After balancing both amplifiers, a SHPB test was conducted where the
output of the strain gauges was connected to both the Vishay amplifier and the
new amplifier. The starting gain of the latter was set to G = 100. The data were
compared and the difference in gain between the two instruments was determined
as a ratio which was then used in Equation 2.6 to find the new value of RG needed
to attain the same gain as the Vishay amplifier. A few more tests were conducted
to ensure higher accuracy of RG and thus the gain.

•

Two resistors of arbitrary values were used to shunt our instrument. The first
resistor shunted the signal to a value below 2 V while the second to a higher
value. Linear interpolation was then used a couple of times to find the exact value
of the shunt resistor for our instrument. In this manner, the shunt resistor we
found simulates a strain that is equivalent to the one simulated by the shunt
resistor of the Vishay amplifier.

•

To ensure that this methodology resulted in the correct result, the value of both
shunted signals (initially at 2 V) was changed to other values before conducting a
test, and the gains of both amplifiers were compared. The results indicated that
the gains were similar and the data obtained was of the same magnitude.
13

2.6

Power Supply
The amplifier is designed to be powered from the wall during operation. However, there

are three separate power supply circuits for three different sets of components. The first set is
comprised of the two AD8421, the OP1177 opamp, the LM358 opamp, and the voltmeter
monitor and they are powered from one power circuit of ±12 V. The second power circuit is
used to supply the voltage divider by 24 V as discussed in the Amplifier Balance section. The
last one serves as the excitation source to power the strain gauges.

Figure 2.11

Circuit schematic for AC to DC power supply.

Figure 2.11 is a schematic of the circuit that was first designed to power the three parts of
the circuit. However, it was observed that this circuit introduced a significant noise to the output
of the amplifier. It was also found that powering the instrument with batteries resulted in a
noiseless signal. Therefore, two sets of rechargeable AA batteries were employed as the energy
source. One set of batteries was used to power the instrument while the other one was in charge
using the circuit from Figure 2.11. Another circuit comprised of a comparator and a double pole
relay was designed to allow for automatic selection of which set of batteries acts as the power
source and which one to be charging as shown in Figure 2.12. The double pole relay is activated
14

when the difference in voltage between the two sets of batteries changes signs from positive to
negative or vice versa.

Figure 2.12

2.7
2.7.1

Circuit schematic for the automatic selection between charging and active power
supply to the amplifier circuit.

Filter
Passive Low Pass Filter
As discussed in the Operational Amplifier section, the AD8421 has a high cutoff

frequency-to-gain ratio, resulting in a higher resolution of measurement data. A passive low pass
filter is used at the output of the amplifier circuit to attenuate frequencies above 500 kHz and
ensure a low noise signal. Figure 2.13 is a schematic of the passive low pass filter used. The
latter is comprised of a 330 Ω resistor and a 1 nF capacitor connected as illustrated in the circuit
above.
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Figure 2.13

2.7.2

Circuit diagram of typical passive low pass filter.

Active Low Pass Filter
In case the passive low pass filter is not sufficient to remove the noise effectively, an

active low pass filter was also designed that can be activated through a switch. Figure 2.14 is a
schematic of the active low pass filter which is based on using the LM358 opamp. The cutoff
frequency of this filter is originally set to 500 kHz. In addition, a 10 kΩ potentiometer was
connected to R1 in case a lower cutoff frequency is needed. Equations 2.8 and 2.9 can be used to
determine the cutoff frequency 𝑓𝑐 and the gain of the active low pass filter respectively.
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Figure 2.14

Circuit schematic of the active low pass filter.
𝑓𝑐 =

1
2𝜋√𝑅1 𝑅2 𝐶1 𝐶2

(2.8)

𝑅3
𝑅4

(2.9)

𝐺=

2.8

Output Monitoring
The device that is commonly used to read and display the amplified real-time signal from

the strain gauges on a computer is called PicoScope. PicoScope software enables voltage-based
triggers to capture the variation of the real-time signal from a SHPB test. During Balancing or
shunting, the PicoScope display provides feedback to the users as they make their adjustments.
Figure 2.15 shows the interface of the PicoScope software on a computer. Balancing the signal to
zero accurately based only on the display of this software is not an effective method and it
requires switching to smaller scales to do so. Furthermore, the signal is level shifted during
shunting to a certain voltage, which means a zooming tool is required to reach an accurate value.
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Figure 2.15

Screenshot of the Picoscope software interface.

Note: The voltage scale in this screenshot is in 1 V increment and a zooming tool is required to
go to smaller scales.
For the aforementioned reasons, a voltmeter monitor is used in our instrument. This
monitor offers high precision measurement with a range of 0 to 33.000 V which can be used to
balance the signal to zero or shunt the signal to 2.000 V for example with a maximum error that is
strictly less than 1 mV. Figure 2.16 shows how the voltmeter monitor is connected to the output of

our instrument.
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Figure 2.16

2.9

Circuit schematic of the connection of the voltmeter monitor at the output of the
amplifier.

Full Circuit

Figure 2.17

Full circuit schematic of the new amplifier.
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RESULTS AND DISCUSSION
3.1

Experimental Setup

Figure 3.1

Picture of the components that constitute the prototype used in testing.

Figure 3.1 is a picture of some of the components that constitute the prototype that was
used during testing. The prototype incorporated most of the components from the full circuit
schematic. The power supply used to charge the set of batteries is shown on the bottom left of
the picture. On the top left, two potentiometers that serve as coarse and fine adjustment knobs are
used to control the input offset voltage supplied through the OP1177 opamp to the REF terminal
of the “Balance AD8421 Opamp”. For shunting, a shunt resistor with resistance around 65.8 kΩ
1

was used to simulate a compression strain by connecting it across the negative excitation (-P)
and the positive signal (+S) of the Wheatstone bridge as shown in Figure 2.9. Two
potentiometers that serve as coarse and fine adjustment knobs were connected across the RG
terminals of the “Shunt AD8421 Opamp” to control the output gain. The voltmeter monitor that
was employed for this prototype is shown in the top right corner of the picture.
The tests that were conducted consisted primarily of compression SHPB tests. The results
presented in the next sections were recorded from two separate facilities: Patterson Engineering
Laboratories and REL Incorporation. For the latter, the data was recorded from two strain gauges
attached to the incident bar very close to each other to obtain the same response at the output as
shown in Figure 3.2. One of the strain gauges was connected to the Vishay amplifier and the
second one to the new amplifier. On the other hand, both amplifiers were connected to the same
strain gauges at Patterson Engineering Laboratories. A discussion of the results is presented in
the next sections. Figure 3.3 is a picture of the equipment available at Patterson Engineering
Laboratories for conducting SHPB testing.

2

Figure 3.2

Picture of the two strain gauges attached to the incident bar.

Figure 3.3

Picture of the equipment at Patterson Engineering Laboratories.
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3.2
3.2.1

Testing Results
REL Incorporation

Figure 3.4

Screenshot of the signal output of the two amplifiers using the PicoScope software
at REL Incorporation.

Note: The red signal is the Vishay amplifier output and the green signal is the new amplifier
output.
Figure 3.4 represents the results from a compression SHPB test conducted at 70 psi
pressure. The red signal is the output of the Vishay amplifier while the green signal is the output
of the new amplifier. The results are typical signals obtained from SHPB tests where the first
wave shown in the figure is the incident wave and the second one is the reflected wave. When
the striker bar hits the incident bar, a compression stress wave generated due to the impact
propagates through the bar towards the specimen which is the first wave picked up by the strain
gauges. At the end of the incident bar, a portion of the compression wave is reflected as a tension
4

wave and propagates towards the striker bar which explains the second inverted wave at the
output. The signal from the new amplifier has the same gain as that of the Vishay amplifier but it
is not balanced. The reason behind this is that at the time the prototype consisted of only one
AD8421 opamp without any extra circuits for the other features and the objective was only to
confirm that this opamp works for this type of application. Excel was used to level shift the data
from the new amplifier and overlap the two signals so that it is possible to compare and analyze
them.

Figure 3.5

Screenshot of the two signals overlapped using Excel for the test conducted at 70
psi.

Figure 3.5 illustrates the two overlapped signals from the Vishay amplifier and the new
amplifier. The blue signal represents the output from the new amplifier and the orange signal is
5

from the Vishay amplifier. The grey curve represents the difference between the two signals.
Some of the important characteristics of these results are the rise/fall time and the percentage of
overshoot/undershoot. The two signals have an identical fall time while there is a small
difference between the two in terms of overshoot. The entire stress wave has a frequency of
about 3.65 kHz while the frequencies of the smaller waves are in the range of 30 to 120 kHz. As
discussed in the Gain section, the cutoff frequency of the Vishay amplifier is around 65kHz
while it is around 1 MHz for the new amplifier. This explains why both amplifiers have identical
responses for frequencies below 65kHz, while there are significant variations between the two
signals for higher frequencies.

Figure 3.6

Summary of the responses of the two amplifiers from tests conducted at 30, 70,
and 100 psi.
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Three sets of data were recorded in total at REL Incorporation all consisting of
compression SHPB tests. These were conducted at 30, 70, and 100 Psi. Excel was used to
overlap the two signals from the Vishay and the new amplifier. Figure 3.6 summarizes the results
from these tests.
3.2.2

Patterson Engineering Laboratories

Figure 3.7

Screenshot of the signal output of the two amplifiers using the PicoScope software
at Patterson Engineering Laboratories.

Most of the tests conducted to validate the design of the different circuits of the prototype
took place in Patterson Engineering Laboratories. Figure 3.7 shows the results from a
compression SHPB test. The red signal is the output of the Vishay amplifier and the blue signal
is the response of the new amplifier. Notice that the signal from our amplifier is balanced and has
the same gain as the Vishay amplifier. This is because the balancing circuit was used to level
shift the signal to 0.000 V using the coarse and fine adjustment knobs with real-time feedback
7

from the voltmeter monitor. Shunt calibration was also employed before the test to ensure both
amplifiers have equal gain amplification. The same as the results from REL Incorporation tests,
the signals from Figure 3.7 have identical rise and fall times with very close percentages of
overshoot. In terms of frequencies, we can observe that the two amplifiers have the same output
for small frequencies but substantial variations for frequencies higher than 65 kHz.
3.3

Cost of Prototype

Figure 3.8

The total cost of the prototype with the associated quantity for each component.
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One of the objectives of this work is to reduce the overall expenses of SHPB equipment
by reducing the cost of the amplifier. The total cost of the prototype used to obtain the results
from Figure 3.7 was about $322.14. This represents a six-fold to nine-fold reduction in cost from
the Vishay amplifier which can cost anywhere between $2000 to $3000. Figure 3.8 is a
breakdown of the different components that constitute the prototype with their associated
quantity and price. The full price of a commercialized product comprised of the full circuit of the
new amplifier enclosed in a customized casing design can be estimated to be in the range of $600
to $1000.
3.4
3.4.1

Future Developments
Custom PCB Board
The prototype that was made for testing consisted of separate PCB boards for each circuit

feature. Some of these boards were custom designed and printed while others were readily
available for purchase. Having separate PCB boards requires additional wires and connectors to
build the full amplifier circuit. Therefore, a single custom PCB board with the full circuit of the
new amplifier is to be designed in order to reduce the complexity of the prototype and simplify
the manufacturing and maintenance processes.
3.4.2

Wheatstone Bridge Completion
The strain gauges that were attached to the pressure bars at Patterson Engineering

Laboratories during testing consisted of full bridge strain gauges. As discussed in the Wheatstone
Bridge section, the full bridge is made using four active gauges that are externally attached to the
pressure bars, and hence internal completion resistor or gauges were not required. On the other
hand, quarter bridge strain gauges were used at REL Incorporation which required the use of
9

internal dummy gauges to complete the Wheatstone bridge. Similarly, the application of half
bridge strain gauges will require two internal dummy gauges for bridge completion. Therefore,
the full circuit should include dummy resistors and dummy gauges that can be used for bridge
completion depending on the type of bridge configuration that is selected in each facility.
3.4.3

Signal Auto-Balance

Figure 3.9

Circuit schematic for auto-balancing the output signal for the new amplifier.

The prototype that was built achieves balancing manually through two potentiometers
serving as coarse and fine adjustment knobs with feedback from the voltmeter monitor.
However, the Vishay amplifier employs auto-balancing simply by activating a switch. One way
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to realize the auto-balancing feature is illustrated in Figure 3.9, which is based on a negative
feedback closed-loop circuit.
3.5

Conclusion
In this work, we presented a novel design for a signal conditioning amplifier for Split-

Hopkinson Pressure Bar applications. The main objective is to allow a larger application of the
Hopkinson techniques in the industry by reducing the size and cost of the amplifier while
providing better performance. The features provided by the new amplifier including signal
balancing, shunting, and filtering are discussed with a detailed description of the methodologies
and techniques that were employed to realize each. Furthermore, the performances of the new
amplifier and the Vishay amplifier are compared and empirical data related to the cutoff
frequencies of the two amplifiers are substantiated to establish the advantages of the new
amplifier. Results from the compression SHPB tests that were conducted in two separate
facilities to validate the new design are reported. The data analyzed demonstrates an equivalent
response of the two amplifiers for frequencies below 65 kHz and more accurate measurement by
the new amplifier for higher frequencies. Finally, future developments of the new amplifier are
suggested for the realization of a commercially complete and competitive product.
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